The Three Gorges Project (TGP) is the largest hydroelectric project in the world. It is crucial to understand the relationship between runoff regime changes and TGP's full operation after 2009 in the Yangtze River Basin (YRB). This paper defines core, extended and buffer areas of YRB, analyzes the effects of TGP on runoff anomaly (RA), runoff variation (RV) and change of coefficient of variation (CCV) between two periods (2003-2008 and 2009-2016), takes percentage of runoff anomaly (PRA) as the evaluation standard, assures alleviation effect on severe dry and wet years of the research area, and finally summarizes related benefits of flood control from TGP. Our results indicate the inter-annual fluctuation of runoff in the core and extended areas expanded, but reduced in the buffer areas, and the frequencies of severe dry and wet years alleviated in the buffer, core and extended areas. Generally, the extended and core areas become less wet, and the buffer areas become less dry. The RV and CCV are both strengthened in the extended and core areas, but are weakened in the buffer areas, and RV is well positively correlated (R 2 = 0.80) to CCV. Furthermore, the main benefits of TGP on flood control are remarkable in the reduction of disaster affected population, the decrease of agricultural disaster-damaged area, and the decline of direct economic loss. However, due to torrentially seasonal and non-seasonal precipitation, the sharp rebounds of three standards for Hubei and Anhui occurred in 2010 and 2016, and the percentage of agricultural damage area of five regions in the core and extended areas did not decline synchronously and performed irregularly. Our results suggest that the five key regions along the main branches of the Yangtze River should establish a flood control system and promote the connectivity of infrastructures at different levels to meet the significant functions of TGP. It is a great challenge for TGP operation to balance the benefits and conflicts among flood control, power generation and water resources supply in the future.
Introduction
Water is one of the most significant resources for a country's social, economic and environmental development, and most nations are facing different degrees of floods and drought threats caused by the imbalance of water distribution in the world [1] . In order to rebalance, redistribute and make full use of potential water resources, many countries made great efforts to construct dams to control floods, generate electricity, improve shipping capacity, and supply water, including Egypt, Japan, U.S., Canada, Australia, China, and so on. By the year 2000, about 45,000 large dams and 800,000 small ones have been built worldwide. Globally, discussions and arguments on large dams have increasingly emerged because of the potential and comprehensive impacts. They basically include enormous environmental changes of habitats inundation and fragmentation, extinction of local species of plants and fishes, ugly landscapes of water level fluctuation zone, sedimentation accumulation and capacity decrease of reservoir and regional climate changes, the apparent economic impacts of loss of old industries and enterprises and shortages of new ones, depressed livelihood of involuntary resettlement, high unemployment rates, infertile farmland located far away from economic centers, and the continuous social uncertainties of loss of unique historical and cultural heritage, spiritual sustenance and cultural integration of migration [2] [3] [4] [5] [6] [7] . Among the changes, coastal erosion, caused by sediments reduction at river outlet, is a serious environmental problem in many nations. For example, the case study of Nestos River (Greece) indicated the sedimentation effect of construction and operation of two reservoirs (Thisavros and Platanovrysi) to coastal erosion, the sharp sediments decrease impacted sediments supply to basin outlet of river delta, the neighboring coast and the coastal morphology, which even inversed the erosion/accretion balance in the deltaic as well as the adjacent shorelines, from accretion predominated erosion to erosion predominates accretion, just within five years after the reservoirs' construction [8, 9] .
China's geographical and climatic location within monsoon zones determines its large difference in precipitation and potential evapotranspiration among the 31 provinces, municipalities and autonomous regions. The main spatial pattern is that more water exists in its southern parts than in its northern parts, and so 'too much water to control in Southern China' is one of the key issues for water resources management. Flooding has resulted in major disasters in both the midstream and downstream parts of YRB. For example, three big recorded floods occurred in YRB in 1934, 1954 and 1998, respectively [10] . The 1998 flood, called the 1998 Great Flood in China, caused significant losses in human lives and properties. Flooding threats became unpredictable under climate change and high intensities of human activities, which have resulted in large changes in hydrological processes, precipitation, runoff and groundwater in YRB.
To solve the flooding issue, China started large-scale dam construction from the 1950s. For instance, Sanmenxia Dam was built in the midstream of the Yellow River in 1954, and was aimed at flood control, irrigation, electric power generation, and shipping improvement; Gezhou Dam built in the downstream of the Yangtze River (YR) in 1971, aiming to provide hydropower generation and shipping improvement; Xiaolangdi Dam built in the downstream of the Yellow River in 1991, intended not only to provide flood and ice control, sedimentation reduction, and electric power generation, but for water supply and irrigation; the Three Gorges Project (TGP) was launched in the midstream of YR in 1994, aiming to provide flood control, shipping improvement, electric power generation, and so on.
Among the dams, TGP is well-known worldwide for its scale, cost, range, migration, ecological and environmental impact, and even for its controversial impacts on sustainability. It achieved primary impoundment in 2003 and the full operation in 2009. Afterwards many ecological and environmental problems emerged. One particular example was more frequent severe droughts that have occurred since its operation [11] [12] [13] [14] [15] [16] , which have impacted on Sichuan Province and Chongqing Municipality. This resulted in serious hydrological, ecological, and socioeconomic consequences in spatial pattern and temporal process [17] [18] [19] , and also initiated controversial debates on TGP.
There were three research issues on the hydrological consequences of TGP. The first is the drought frequency of the Three Gorges Reservoir (TGR) and the relationship between TGP and the drought trends of YRB [20] . In the last two decades, YRB displayed significant vacillation between droughts and floods of TGR, indicated by the increasing drought trend in the upper reaches of YRB and TGP, with the drought evolution being inseparable from the background of the whole basin level. The second area has been water regulation and storage capacity between the lakes and YR and the response to TGP [21] [22] [23] [24] . YR discharges into Dongting Lake in Hubei Province, Poyang Lake in Jiangxi Province, but receives inflow from the lakes from January to March. After the full operation of TGP under different dispatching modes, the weakened water from YR resulted in enhancing of the compensation ability of the lakes into YR in the neighboring provinces. The third research area is the impact of TGP's impoundment on the flood and low stage adjustment in the midstream of YRB [25] [26] [27] . After the impoundment of TGP, the water storage capacities of provinces have experienced no change because the flood stage did not significantly decrease, although the flow discharge compensation of TGR improved the low flow stage, and the wharf change in the water stages was harmful to the improvement of the channel depth and the water storage of TGP. Meanwhile, the flow of YR decreased after flood season, increased in the dry season, and benefited from the peak shaving and flood control of TGP. Flow also decreased from July to August, and the annual runoff allocation also changed, which benefited flood control and water resources use in the midstream and downstream of YRB.
The rest of this paper is organized as follows: Section 2 reviews the basic conditions of TGP; Section 3 introduces the definition of the research area, data sources and methods; Referring to the hierarchy framework of Environmental Impact Assessment of Impacts on TGP [28] , Section 4 presents TGP's effects on runoff changes between two periods of 2003-2008 and 2009-2016 , including runoff anomaly, percentage of runoff anomaly, runoff variation, change of coefficient of variation, and then sums the related benefits of flood control of TGP from disaster affected populations, direct economic loss, agricultural disaster-damaged areas and the percentage of the agricultural disasterdamaged area; Section 5 proposes the discussions; Section 6 draws the main conclusions.
Basic Conditions of TGP
As the largest water generation project in the world, TGP located in the main stream of YR between Chongqing Municipality and Yichang City of Hubei Province (Figure 1) , with a general storage capacity of 39.3×10 9 m 3 and a controllable storage capacity of 22.1×10 9 m 3 water, aimed at controlling effectively floods of the upstream of YR, with a general generation electricity of 84.7×10 9 kWh per year, aimed at alleviating the shortage of electricity in East, Central and South China, an amount equal to that produced by burning 50 million tons of coal, with a water depth improvement from 2.9 m for Chaotian Gate of Chongqing Municipality to 3.5-4.5 m for Yichang City, aimed at improving transport capacity from 3000 tons to 10,000 tons, and the transport capacity of the channels of YR with a length of 660 km, from Shanghai Port to Chongqing Port, was promoted from 1000 tons to 5000 tons. Locations of TGP, the Jing River (red), the Yangtze River (blue), and the definition of the research area, the buffer (yellow), core (green) and extended areas (pink).
Research Area, Data Sources and Methods

Research Area
According to the flow direction of main YRB branches (Qinghai to Shanghai), there are 5 regions in the upstream, which are Qinghai, Tibet, Sichuan, Yunnan and Chongqing, 3 regions in the midstream, which are Hubei, Hunan and Jiangxi, and 3 regions in the downstream, which are Anhui, Jiangsu and Shanghai. Meanwhile, according to China's traditional geographical regionalization of YR, the branches upward of Yichang City belong to the upstream; the branches between Yichang and Hukou County in Jiangxi Province belong to the midstream; and the branches below Hukou belong to the downstream. The major originally scheduled flood control of TGP mainly focused on the Jing River in Hubei Province (Figure 1 ), which cultivated two Plains of Jiang-Han and Dongting Lake, an important basis for commodity grain and aquatic products for China. In addition to the effect of extending back tail-waters of the Three Gorges Dam wall with 181 m height to the upstream after the full impoundment of 175m, especially to Chongqing and Sichuan, the 7 key regions impacted by TGP regarding effects of runoff changes of YRB are defined as follows ( Figure 1 ): the core areas including Hubei, Hunan and Jiangxi, the extended areas including Anhui and Jiangsu, and the buffer areas including Sichuan and Chongqing.
Data Sources
The information on TGP was obtained from the website of TGP (www.3g. 
Methods
This study compares and evaluates four runoff indices between two periods (2003-2008 and 2009-2016) for the 7 key regions in YRB, including runoff anomaly (RA), percentage of runoff anomaly (PRA), runoff variation (RV), and change of coefficient of variation (CCV).
The classic model on runoff (R) is calculated by Equation.
(1):
where R, P, E and ΔW is the annual runoff, precipitation, evaporation, and storage change of groundwater of the typical year of regions, respectively, and here the value of surface water is regarded as runoff [29] . 
where Ry and Rn is the runoff of typical year and the mean annual runoff during the period, respectively. The standards and the categories are as follows: the year with PRA < −20% belongs to a dry year; the year with − 20 %< PRA < −10% belongs to a less dry year; the year with − 10 %< PRA < Three indices are used to present the benefits of TGP on flood control, the disaster-affected population (DAP), the direct economic loss (DEL), the agricultural disaster-affected area (ADAA), the agricultural disaster-damaged area (ADDA), and one index, the percentage of agricultural disaster-damaged area (PADDA), is used to evaluate the flood control effect, which is calculated by Equation. (7):
where ADDA and ADAA represent the agricultural area with yield reduction including and over 30% and 10% affected by flood and waterlogging, respectively.
Results
After (Figure 2b) , RA also amplified, and the increased trend for Jiangsu (2.2 times) was stronger than that for Anhui (1.6 times). In contrast, the buffer areas differed (Figure 2c Figure 3a and Table 1) , with 62.5% dry and 37.5% wet years. Under the extreme drought, the alleviation effect of TGP at the whole basin scale was remarkable among the core, extended and buffer areas [32] . First, the core areas (Hubei, Hunan and Jiangxi) showed different patterns in PRA (Figure 3b and Table 1 Table 1 ). For Anhui, dry and less dry years both decreased and correspondingly normal and wet years increased by 58%. Then for Jiangsu, the proportions of dry and less dry years decreased and those of normal, less wet and wet years increased by 62%, respectively. Third, the buffer areas (Sichuan and Chongqing) had a drying tendency, but with the majority of years remaining under the normal condition ( Figure 3d and Table 1 ). Chongqing had a drying tendency, with less dry years increasing by 50%. In summary, Hubei, Sichuan and Chongqing went into a less dry or dry period after the full operation of TGP in 2009. Meanwhile, Hunan, Jiangxi, Anhui and Jiangsu went into a less wet or wet period.
The occurrence of these droughts in YRB was related to drought and flood transformation at a large scale and the characteristics of precipitation evolution, and according to statistical data [33] , YRB experienced a wet period around the 1980s, and went into a less wet period after 1999. During the last decade or so, the annual precipitation in YRB decreased by 10-12%. YRB's drought occurred just at this background of less wet climate. Our results are consistent with the findings that severe droughts occurred inevitably in the southwestern parts and the midstream and downstream of YRB , including the great drought in Sichuan and Chongqing in 2006, the severe drought in the southwestern China from 2009 to 2010, and the serious drought in midstream and downstream of YRB during 2010-2011. They indicate that there is no direct relationship between the drought disasters in YRB and TGP operation, and the drought in the 7 key regions in the past two decades was mainly driven by climate conditions. The TGP operation alleviated drought severity among the core, extended and buffer areas after 2009. (Figure 4a ). The RV kept almost stable in Sichuan, decreased in Chongqing, increased slightly in Hubei and Hunan, but increased sharply in Jiangxi, Anhui and Jiangsu, with RV increasing by 31.4%, 43.1% and 78.5%, respectively. The RV mean in the extended areas is almost 4 and 20 times higher than that in the core and buffer areas, respectively. A similar situation occurred for CCV, which increased by 29.6% in Jiangsu, followed by Anhui, Hunan and Jiangxi, with their increased mean of 11~12%, then followed by Hubei with an increase of 7.0%, but instead decreased by −4.8% and −2.7% in Sichuan and Chongqing, respectively. The results indicate that RV and CCV were strengthened in the extended and core areas, but weakened in the buffer areas. Moreover, RV was strongly correlated (R 2 = 0.80) to CCV (Figure 4b ), indicating that there existed coherence between the effects of TGP on runoff increase and the period fluctuation among the 7 regions.
RV and CCV both Strengthened in the Extended and Core Areas but Weakened in the Buffer Areas
Related Benefits of Flood Control of TGP
As mentioned above, the originally scheduled function of flood control of TGP was mainly on the midstream and downstream of YRB, especially the Jing River (Figure 1 (Figure  8c ), the PADDA of Anhui and Jiangsu both showed an ascending trend from 2009 to 2016 with an increase of 32% and 18%, respectively. In summary, the TGP operation did not work for the middle and lower basin of YRB, since the PADDA among the five regions showed various trends: one (Hubei) fluctuated sharply, two (Hunan and Jiangxi) remained steady, two (Anhui and Jiangsu) increased. Based on the effective flood control of the upstream and water adjustment between the dry and wet seasons, TGP alleviated the frequencies of severe dry and wet years in the buffer, core and extended areas; (2) TGP strengthened RV and CCV in the extended and core areas but weakened them in the buffer areas, the RV was strongly correlated to CCV in the 7 regions, the runoff of the extended and core areas increased, and the corresponding inter-period of CCV was also amplified, especially in Jiangsu, Anhui and Jiangxi; (3) the benefits of TGP's flood control were mainly reflected by the reduction of DAP, the decline of DEL, and the decrease of ADDA in the core and extended areas.
Discussions
Our results indicate some preliminary trends regarding TGP's effects on runoff regime changes. The following three aspects should be further considered and strengthened in the future. The first is the operating years of TGP. From 2009 to 2016, TGP was fully operated for only 7 years, while the comprehensive impacts and benefits need a long period of time to demonstrate. The second is the climate condition of YRB. YRB went into a drier period during 2009-2016, with sharp fluctuations. The capacity of water storage and reallocation of TGP between the dry and wet periods results in either drier or wetter influence in the core and extended areas. The third is the influence of seasonal and non-seasonal precipitation. One main function of TGP is flood controlling for the upstream of YRB. Nevertheless, besides the upstream, local precipitation is another flood source for the core and extended areas. Therefore, DAP, DEL, and ADDA for Hubei and Anhui rebounded sharply in 2010, 2015 and 2016, respectively, and the three indices presented a higher consistence when they faced the severe seasonal and non-seasonal precipitations than they would during a normal year, and big floods caused by regional heavy precipitations become a major disaster for Provincial Governments to solve. To cope with the extreme weather conditions under climate change of YRB, the standard for flood control of water conservancy infrastructures and projects in Hubei and Anhui need to improve.
Beyond for the climate change and the disasters of YRB from heavy precipitations, runoff variation and water reallocation, two significant problems highly influence the development of TGP. One is the resettlement displacement and economic development of TGR. The regulations developed by the State Council of China to guide the resettlement were the Regulations on Resettlement for the Construction of TGP on YR in 1993 (henceforth the 1993 regulations), which required rural resettlements were to move up the inundation line and draw back to the feasible farmlands in higher altitude mountainous areas, named exploration-oriented migration (kaifa yimin in Chinese), which meant rural households lived near their old houses and made a living on the reclaimed farmland, and resettled populations in urban areas were to employed in State-owned Enterprises [34] . However, due to the Great 1998 Flood, the impact of intensive land reclamation, deforestation and environmental degradation on TGR [35] , the pressure of a resettlements arrangement increase from 1993 to 1998 of 20% beyond the scheduled 1.13 million registered in 1992, and the ceaseless problems in exploration resettlement, the State Council of China announced the adjustment to the 1993 regulations at a working meeting on TGP resettlement in May 1999 (henceforth the 2001 regulations), and resettled 190,000 rural residents (about 15% of the total) to 11 provinces outside TGR, including Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, Shandong, Hunan, Guangdong, Hubei and Sichuan. Meanwhile, with China's environmental protection policy being reformed and becoming increasingly strict since the beginning of the 1990s, lots of State-owned Enterprises were closed or restructured [36] . To make matters worse, substandard infrastructure, steep terrain and an unskilled workforce didn't attract investors, so few new enterprises set up in TGR, which led to the economic growth failing to keep pace with non-TGR regions in Chongqing and Hubei. Therefore ) converged, while the decrease trend was remarkable from the extended, core to buffer areas. With a macro-background of climate change, YRB went into a drier period with sharp fluctuations, while TGP alleviated the frequencies of dry or wet years in the research area. The core (except for Hubei) and extended areas both had a tendency of becoming less wet, however, Hubei and the buffer areas went into a less dry period. Secondly, the runoff variation and the change of CV both strengthened in the extended and core areas but weakened in the buffer areas, and the RV presented a highly positive correlation to CCV. The inter-period increase of runoff was sharp in Jiangsu, Anhui and Hunan, but the corresponding CCV also amplified sharply, which benefited drought alleviation but intensified the flood control risk of the inter-period. Thirdly, the general benefits of flood control of TGP mainly exhibited in the reduction of the DAP, the decline of DEL and the decrease of ADDA in the core and extended areas. Nevertheless, the PADDA of the 5 regions performed in irregularities after 2009, as Hubei went into a sharp fluctuating period, Hunan and Jiangxi both went into a smooth period, Anhui and Jiangsu both showed an ascending trend, respectively, instead of keeping descending trends during 2006-2008. Moreover, due to big floods caused by heavy precipitations, the sharp rebounds occurred in the DAP, DEL and ADDA for Hubei and Anhui in 2010 and 2016, respectively. So flood control and disaster mitigation capacity within the core and extended areas not only depend on TGP but also rely on the intra system. TGP aims to control the big floods from the upstream of YR, and the intra-system focuses on controlling the seasonal and non-seasonal heavy precipitations. Regional flood control and disaster alleviation is comprehensive and systemic, e.g., agricultural flood control in YRB, one guarantee comes from the regulation and storage of water conservancy projects of main branches, tributaries and rivers, while another comes from the storage and reallocation capacity of lakes, reservoirs, and ponds connecting with the farmlands.
After experiencing the stages of argument, construction and operation, the Chinese Central Government became cautious towards large dam construction for hydropower exploration [37, 38] , and the management countermeasures on TGP and YR also became more scientific, including resettlement support [39] , sediment sharing in the upstream, securities management, economic supports to TGR, and TGP going into a stage of rehabilitation and improvement. In the future, in order to match and promote the scheduled functions of TGP on flood control, the key regions along the main branches of YR need to build a system and strengthen the connectivity between projects and infrastructure from the county, city, and provincial levels, to the regional level, and even to the national level. Under the drought intensification of YRB in recent years, it is a great challenge for TGP operation to balance the benefits and conflicts among flood control, power generation and water resources distribution in the key regions of the research area.
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